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FOREWORD

This report describes the results of a research program un-
dertaken to study the factors affecting the analysis of thin
films and surfaces using Auger electron spectroscopy. The pro-
gram was conducted durinc the period December 1973 through De-
cember 1976 by Universal Energy Systems, Inc., 3195 Plainfield
Road, Dayton, Ohio 45432, at the Air Force Aerospace Research
Laboratories and the Air Force Materials Laboratory under Con-
tract F33615-74-C-4017, initiated under Task No. 2303Q1. The
research was performed by Dr. J. T. Grant and M. P. Hooker with
the technical assistance of R. G. Wolfe and J. R. Miller. The
Project Engineer for the Air Force was Dr. T. W. Haas, Nonmetal-
lic Materials Division (AFML/MBM). The authors submitted this

report in February 1977.
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SECTION I

INTRODUCTION

The elemental composition of the few outermost atomic
layers of a solid can be determined using Auger electron spec-
troscopy (AES). Problems in interpreting AES data both quali-
tatively and quantitatively due to overlap of spectral lines,
chemical shifts in spectra, changes in spectral line shape,
electron beam interactions and sample charg.ag have been in-

vestigated and methods to overcome them have been developed.

Problems that arise in depth profiling solids by inert gas ion
bombardment have also been studied and techniques to improve

the reliability of such measurements have also bee:.. developed.
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SECTION II

AUGER ELECTRON SPECTROSCOPY

A. Potential Modulation Distortion

The most common method for producing Auger electrons is by
electron beam impact. In the case of gaseous targets the Auger
electron energy distribution can be measured directly and the
relative Auger currents can be obtained from the measured Auger
intensities. In contrast, for solid targets the number of
Auger electrons in a given energy range is small relative to
the number of background electrons that are due to the produc-
tion of secondary and backscattered electrons from the target,
sc Auger electron currents cannot be measured directly from such
electron energy distributions. This background electron cur-
rent varies with the energy measured and must be removed to ob-
tain a measure of the Auger currents. There have been a number
of approaches made to achieve this, the most common of which is
to differentiate the electron energy distribution to suppress
the more slowly varying background, and use the peak-to-peak
heights of the enchanced, derivative Auger features as a mea-
sure of the Auger curronts.l The first derivative of the elec-
tron energy distribution is usually sufficient to remove or
satisfactorily reduce the background, the distribution then ob-
tained being referred to here as Jg(l) (E). Derivative Auger
spectra can be obtained directly by using potential modulation

‘ W . . 2,3

sinusoidal) and phase sensitive detection techniques and

form a basis for quantitative Auger analysis by comparing mea-




sured first derivative spectra with appropriate standard spec-
tra.l However, to obtain accurate comparative values for Aug
currents the line shapes of the measured and standard spectra
have to be identical. Although this is often the case, situa-
tions arise where this is not possible, e.g., where changcs in
the chemical environment of an element under study produce
changes in the Auger electron energy distribution4 (see sub-
section B below). Further, the detectability of a given ele-
ment can generally be improved by increasing the sinusoidal
modulation amplitude, but above a certain modulation ampli-
tude the peak-to-peak height of a particular Auger feature deoes
not increase in a well-defined manner with modulation ampli-
tude (in fact, it also can decrease) making gquantitative mea-
surements less reliable.

The effects of potential modulation distortion have been
analyzed, assuming a Gaussian Auger peak shape, for both types
of energy analyzers commonly used in Auger electron spectro-
scopyS’G. In the case of a deflection type analyzer, it was
found that the first-harmonic signal strength increased linearl:
with modulation amplitude up to an amplitude of about 0.3p,
where p is the Gaussian root mean square width. The signal the
passed through a maximum and subsequently decreased at a rate
near the inverse square root of the modulation amplitude for
values in excess of about 3p. For a retarding field type analy-
zer, where the second harmonic is detected in order to obtain

the first derivative of the electron energy distribution, the
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Figure 1 - First derivative Auger spectra of a contaminated
nickel surface taken using different modulation amplitudes
(a)} L eV, (b} 5 eV dand (c) 25 eV.




signal was found to increase as the square of the modulation
amplitude up to about 0.5p after which it approaches a con-
stant value independent of the modulation amplitude. The be-
havior of the derivative Auger signal as the modulation amp-
litude is increased depends on the detailed shape of the Auger
feature in the electron energy distribution. The calculations
just mentioned were based on a Taylor series formalism and are
strictly valid only for a Gaussian peak shape. Furthermore,
the Taylor series method of analysis is an approximate one and
has little utility except in the region where the modulation
amplitudes are small with respect to the feature widths.

The effects of (sinusoidal) modulation amplitude on first
derivative C,0 and N1 Auger spectra taken using a cylindical
mirror analyzer (AE/E =~ 0.005) are shown in Figure 1. These
spectra were taken under identical experimental conditions ex-
cept that the modulation amplitude used was different for all
three. Figure 1l(a) is essentially a high resolution spectrum
(modulation amplitude 1 eV) showing the presence of carbon and
oxygen at the nickel surface, and the carbon line shape indi-
cates it to be present in graphitic formq. For this spectrum
the modulation amplitude is sufficiently small compared with
the widths of the carbon, oxygen, and nickel Auger features so
as not to add distortion to their shapes. For such high reso-
lution spectra the peak-to-peak heights of the Auger features

increase linearly with modulation amplitude. Figure 1(b) was

[Sa}
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Figure 2 - Dependences of Auger signal strengths on
modulation amplitude measured (i) from peak-to-peak heights
in JV; l)(E), curves A, B, and C and (ii) as Auger area
values obtained by double integration of appropriate N (L) ()
data, curves D, B, and F. "




taken with a modulation amplitude of 5 eV, and it can be seen
that although all the main Auger features have bigger peak-to-
peak values they have increased by different amounts. This is
because the modulation amplitude is now comparable with Auger
peak widths and the changes in signal size with modulation will
depend on the Auger peak shapes. With a modulation amplitude
of 25 eV the carbon feature is bigger yet, but the oxygen and
nickel features have decreased, Figure 1l (c). Of course, the
use of large modulation amplitudes to improve sensitivity broa-
dens the Auger features and often precludes any chemical in-
formation being obtained from such data.

The dependences of the peak-to-peak heights of the largest
carbon, oxygen, and nickel Auger features on modulation ampli-
tude are shown in Figure 2, curves C,A, and B, respectively.

It can be seen that for amplitudes below 1 eV, the peak-to-peak
heights scale together and linearly with modulation, whereas
above 1 eV the peak-to-peak heights vary differently, making ac-
curate measurements of relative Auger currents of different ele-
ments directly from such spectra virtually impossible. How-
ever, having complete data as a function of modulation ampli-
tude as in curves A,B, and C would allow accurate comparisons of
Auger currents to be made from first derivative Auger data when
either different surface concentrations are present or when dif-
ferent modulation amplitudes are used, so long as line shape

changes due to chemical effects are not involved. Curves such
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as these are not generally available and it is difficult to
compare, for example, the relative concentrations of a parti-
cular contaminant on different nickel surfaces taken using simi-
lar analyzers under different effective resolutions.

However, using an instrument response formalism it has re-
cently been shown that under the assumptions (1) that the back-
ground has been eliminated in the spectrum in derivative form

and (2) that the Auger signal consists of a peak in the energy

distribution, then the area under the Auger feature determined
by the double integral of the measured derivative spectrum over
the entire structure can be simply and exactly related to the
area measured in the absence of potential modulation distor-
tlen &L It was further shown that this simple relationship did

not depend on the detailed shape of the Auger peak and was valid

for all modulation amplitudes.

The results for a cylindical mirror analyzer obtained by
doubly integrating the carbon, oxygen, and nickel data shown in
Figure 1 are plotted in Figure 2 and labeled E, D, and F, re-

spectively. It can be seen that Auger area values Y for car-

tl
bon, oxygen, and nickel, measured as these double integrals,
have an exact, linear dependence on modulation amplitude eO, for
amplitudes up to 50 eV, the experimental limit in this work.

By defining the measured Auger currents IA’ by IA = Yt/eo,
current values are obtained for carbon, oxygen, and nickel, in-
dependent of the modulation amplitude used and could be readily

compared with corresponding Auger currents from suitable stan-
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dards. The corresponding relationship for a retarding field
andlyzer9 is IA = Yt/GO? Integration has been carried out using
analog and digital techniques, both techniques being quite suc-
cessful.lo'll Problems in comparing Auger data taken with dif-
ferent modulation amplitudes no longer arise. Using such inte-
gration techniques makes it feasible to use large modulation am-
plitudes to obtain better signal-to-noise ratios in ACn(l)(E)
data, thereby improving the sensitivity, while obtaining a value
for I independent of the distortion in Jv;fl)(ﬁ) due to large
modulation amplitudes.

The Auger area values obtained depend on the energy range
over which the integrations are carried out due to the tails on

the low energy sides of the Auger peakslo

so the low energy in-
tegration limit has to be kept constant for the particular Auger
transition(s) under study, and the same as that used in obtain-
ing IA frocm a standard. Useful comparisons between Auger cur-
rents from different elements having simple Auger line shapes
can be made from their Auger current values obtained by inte-
grating through the same energy range and then applying any ex-
perimental corrections (such as variation of energy window of
analyzer with energy) to the datalo. Improvement in the signal-

to-noise of Auger data following integration has been noted and

details can be read in Reference 9.

B. Chemical Effects
Important information about surface bonding can be obtained

from Auger spectra when valence electrons are involved in the
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Auger process.4 Interpretation is simpler when only one val-
ence electron is involved in the Auger pxocess,l2 as when two
valence electrons participate convolution products of density
of states functions are involved.13 Good correspondence betweer

Auger data and band structure has been found.12r13

However,

some LVV Auger spectra (of solids) show distinct characteri-

stics of free-atom spectra and do not reflect the band struc-
ture, possibly because of electron localization due to in-

creased screening.l4 However, the line shapes of Auger spec- |

tra are often useful as a method for fingerprinting the chemi-

cal form of surface atoms, e.g. in the case of carbon, to dis-
tinguish between graphite-like overlayers and surface carbides
on metals and semiconductors, or the different bonding mechan-
ics of CO to clean metal surfaces.

Examples of various carbon Auger line shapes observed fron
carbon on nickel are shown in Figure 3. These spectra are dis-
played as Auger electron energy distributions, part(a) being
from CO absorbed on clean nickel, and part(b) being from partly
decomposed CO on clean nickel, and part(c) being from a nickel
carbide surface.

Studies of both the carbon and oxygen Auger line shapes
following the absorption of CO on clean transition metal sur-
faces have been used to characterize the bonding of CO to metal

surfaces. Examples of the carbon and oxygen Auger spectra ob-

11
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served following the exposure of clean Nb Co and Pt surfaces

to CO are shown in Figure 4. The carbon spectra are shown on
the left hand side and the oxygen spectra on the right hand
side. Note the differences in Auger line shapes between the
carbon spectra, and between the oxygen spectra. (Spectrum sub-
traction techniques - see subsection E - had to be used to de-
termine the carbon Auger line shape for CO on Pt due to over-
lap between the carbon and Pt Auger features). The Auger line
shapes observed were found to correlate with previous absorp-
tion models for transition metals - CO decomposes on Ta, Nb
and Ti while it absorbs molecularly on Pd, Ir and Pt where
bonding occurs via the carbon atom with its molecular axis
normal to the surface. CO was found to partly decompose on Co.
Further details as to how these differences in bonding are re-
flected in both the carbon and oxygen Auger line shapes can be
obtained from Reference 15.

Changes in Auger line shape have also been observed and
studied for both adsorbate and substrate during the exposure of
clean surfaces to gases at room temperature. For example, in
studying the absorption of oxygen on nickel, changes in the oxy-

gen KVV and nickel L_VV Auger line shapes with increasing oxygen

3
exposure were documentedls. Examples of the oxygen Auger spec-

tra observed after several different exposures are shown in
[~

Figure 5.

When only core level electrons are involved in the Auger
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Figure 4 - Auger spectra of C (left hand side) and O (right
hand side) following exposure of CO to clean surfaces of Nb
(top), Co(middle) and Pt (bottom).
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Figure 5 - First-derivative oxygen KVV Auger spectra for room
temperature oxygen exposures to Ni (110) at (a) 8X10‘4, (b)
2.4%10°3, (c) 4.0x1073, and (d) 9.6x10"3 Pa.s. Parts (a) and
(b) are shown magnified 2X relative to parts (c) and (d).
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process, changes in bonding may be ret 3 as a shift in the

; 1077 N . v £

Auger energy and such measurements may also be useful as an

aid to compound identification when large encrgy shifts (v few eV)
3 18,19 et e e e " 3 -

occur . Shifts in Auger energy are also observed for tran-

sitions involving bonding electrons - further details of this

work can be read in References 16 and 20.

Although chemical effects in Auger spectroscopy are often

quite useful for characterizing the chemical environment of
surface atoms they posed a problem in guantitative analysis.

If peak-to-peak heights in derivative Auger spectra are used for
quantitative analysis the measured line shapes must be identical
with those of standardsl. This is not always possible and where
changes between observed and standard spectra occur the accuracy
of this method decreases, the decrease depending on the degree

of line shape changes. This problem in comparing Auger signal
strengths has been investigated and solved by doubly integrating
first derivative spectra to obtain relative measures of Auger
currents. In fact these integration techniques have also been
used to compare Auger currents from different elements, having
quite different Auger line shapes, on the same surface. Studies
of the adsorption of submonolayer amounts of CO absorbed on clean
Mo and Ni surfaces showed that the use of carbon and oxygen Auger
peak-to-peak heights in first derivative data did not indicate
equal numbers of carbon and oxygen atoms were present following
adsorption, whereas by doubly integrating the carbon and cxygen
Auger features through the same energy range and by comparing

these integrated signal strengths it was shown that equal numbers
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of carben and oxygen atoms were present on both surfacesl0,21,

This result is quite significant because not only are the carbon
and oxygen Auger line shapes different from each other, but both
the carbon and oxygen line shapes are also different for CO and
Mo and Ni due to the different bonding between CO and these two

metals. Further details can be read in References 10 and 21.

€C. Effects Due to Electron Energy Loss
Even when only core level electrons are involved in an Auger
transition its measured line shape can vary with chemical en-
vironment due to different energy loss mechanisms that can occur
while the Auger electron travels through the lattice before es-
caping into the vacuum. These different loss mechanisms will
affect the electron mean free path for inelastic collisions and
therefore the overall electron mean free path. However, the
measured Auger signals from such samples can still be compared by
using integration techniques, although the relative Auger signal
strengths now depend somewhat on the energy range of integration22
When changes in Auger line shape also occur due to chemi-
cal effects useful comparisons between data can still be made
using integration techniques. For example in comparing Ni LMM
Auger signal strengths between clean and heavily oxidized Ni
surfaces relative Auger current measurements based on peak-to-

peak heights in JVﬂ(l)(E) are not self-consistent, whereas
m

16




measurements based on double integrals of the data are con-

sistent. Further details can be read in Reference 23.

D. Sample Positioning

Measurements were also made with a 4-grid retarding field
analyzer to show that integration techniques automatically
correct data for small misalignments of sample position (large
misalignments could also be corrected if allowance is made for
possible changes in solid angle detected and analyzer trans-
mission). If a sample is not placed at the center of curva-
ture of the grids, energy resolution is degraded and distorted
spectral peak shapes result. This distortion results in errors
in measurements made directly from JV;(E) or JV;(l)(E) data
but not in the Auger current value obtained on integration. An
example of this is shown in Figure 6 where the energy distri-
butions of electrons emitted from a cathode held at a potential
of -300V are shown when the cathode is positioned at the center
of curvature of the retarding field analyzer [Figure 6(a)], and
the cathode is positioned off the axis of the retarding field
analyzer and closer to it [Figure 6(c)]. It is quite obvious
that a quantitative comparison between the two sets of data
cannot be made directly from the uV%(E) distributions, but
integration of the data recovers the cathode current value -
compare the overall step heights of the integrated data in

Figures 6(b) and (d).
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Figure 6 - Illustration of the application of integration tech-
nigques to correct for small sawmple misalignment using a re-

tarding field analyzer.
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Similar correcticons would also apply to a cylindical mir-
ror analyzer, although the change in analyzer transmission with
sample position is more critical.

I. Spectrum Subtraction Techniques

Most Auger spectrometers are designed to scan the electron
energy range 0-2000 eV and, it is not always possible to find
non-overlapping Auger peaks of the elements being studied, in
this energyy range. In such cases the presence of a particu-
lar element may be confirmed if its Auger signal strength is
suf ficiently large to produce significant amplitude changes in
the appropriate part of the Auger spectrum of the other ele-~
ment. A good example of this is the detection of sulfur or
carbon on ruthenjum24. Both sulfur and carbon Auger transi-
tions overlap some ruthenium transitions but produce signifi-
cant changes in the Auger spectrum when they are present in suf-
ficient concentrations. This may be seen by comparing Figures
2(a) and 2{(c) in Reference 24. Quantitative measurements of

sulfur and carbon concentrations would be difficult however,

because of the different Auger peak widths and line shapes of th:

individual overlapping Auger peaks. Relatively small concen-
trations of sulfur and carbon would probably go undetected.

In this contract spectrum subtraction techniques (SST) were

developed and applied o (a) enhance the detection of small con-

centrations of elements where spectral overiap problems occur,
and (b) retrieve Auger line shapes from high resolution Auger

data where peaks from different elements overlap. SST could

Ly
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also be applied to study the small changes in the fine details
of Auger spectra due to changes in the chemical environment of
surface atoms, the differences between two spectra being high-
lighted after subtraction. Chemical effects on spectra due to
the presence of other elements may inhibit the application of
SST to spectral overlap problems when dominant Auger transitions
involve valence electrons, because of changes in spectral line
shape. This would be most difficult when line shape changes
were produced by the element whose spectrum was being isolated.
Other potential applications for SST include subtraction of suc-
ceeding spectra from one another to follow changes during sur-
face segregation, adsorption or sputtering treatments.

To obtain accurate subtractions of Auger data, the elec-
tron enerqgy scale must be well established and reproducible.
As the electron energy scale of most electron spectrometers de-
pends on sample position, it is important that samples are al-
ways positioned at the same place with respect to the spectro-
meter, ideally at its focal point. Alignment of a sample to
the focal point can be easily achieved by optimizing the sig-
nal measured from electrons that are elastically backscattered
from the sample. In an earlier study of the segregation of
sulfur on molybdenum it was pointed out that the detection of
trace amounts of sulfur on molybdenum by Auger electron spec-
troscopy would be very difficult because of the almost complete

overlap of the sulfur Auger peak near 150 eV with a molybdenum
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Auger peakZJ. The application of SST to this system greatly re-

duces this problem. An Auger spectrum from a molybdenum sample
under study is shown in Figure 7(a). After the subtraction of
an Auger spectrum from clean molybdenum taken with the same
experimental parameters, Figure 7(b), a sulfur Auger peak was
clearly observed, Figure l(c), while the molybdenum Auger fea-
tures were essentially eliminated. As the sulfur Aucer signal
was now isolated from the rest of the spectrum, 1ts strength
could be compared with a suitable standard for quantification
or the sulfur Auger feature could be integrated twice to obtai:
a value for the sulfur Auger current.

Auger line shapes in high resolution derivative form data
have often proved useful in obtaining information about the
chemical form of surface constituents4. SST has also been ap-

lied to high resolution Auger data to determine line sh s by
J g

removing unwanted overlapping Auger features. This is illus-
trated in Figure 8 where part(a) shows that phosphorus and sul-
fur are present on molybdenum but their line shapes are masked
by molybdenum Auger transitions. After subtraction of a cor-
responding high resolution molybdenum Auger spectrum, Figure

8 (b), the phosphorus and sulfur Auger line shapes are obtained,
Figure 8(c). This sulfur Auger line shape is quite similar to
that observed on vacuum annealed stainless steel foills but is

different from others such as on titanium and nickel.
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Figure 7 - Illustration of the application of SST to enhance
the detection of sulfur on molybdenum.
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Figure 8 - Illustration of the application of SST to retrieve
Auger line shapes.
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F. Electron Beam Interactions

Most Auger spectra are obtained using electron beam exci-
tation. Due to the use of finely focussed energetic electron
beams (typically 3uA at 5 kV into a 15 pym diameter spot) electron
beam i1nduced effects are not uncommon in studying many systems,
especially those involving the adsorption of gases on metals or
the detection of sodium on insulators. Electron beam effects
are manifest in many forms but common problems are localized
heating, the desorption of species from the surface being stud-
ied, beam induced decomposition of the surface being studied,
and the beam induced adsorption of gases from the vacuum environ-
ment ontc the surface being studied.

An example of electron beam effects is shown in Figure 9,
being a study of such effects following the molecular adsorp-
tion of CO on Ni(110). Part (a) shows the C and O Auger spec-
tra of freshly adsorbed CO, (b) the result obtained after an
electron beam, 1.5pA at 1.5 KkeV, was left on for 10 min and
(c) after the beam was on for 40 min. Note that quite pronounced

changes occur in both the C and O spectra. For C both the main

peaks and the lower energy peaks change markedly, almost all

the features being replaced by new ones after 40 min interac-
tion. At this stage the C Auger features resemble those of
nickel carbide?®. Corresponding changes in the O Auger spectrum
are less marked but nevertheless significant. The intensity of
the feature on the high enerqgy side of the main O peak decreases
relative to that of the main peak, and the feature approximately

25 eV below the main peak is eventually replaced by two new ones
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Figure 9 - First derivative Auger spectra of C and O on -4
Ni (110): (a) following exposure of clean Ni(110) to 1 x 10
Pa of CO for 15 min; (b) after exposure to the electron beam

for 10 min; (c) after exposure to the electron beam for 40
min. The electron beam was 1.5pA at 1.5 keV.




at the positions found for O, on Ni although they are not lucid

the data shown in Figure 9(c) (see also below). The 0 Auger
spectrum obtained (from previously adsorbed CO) after 40 min
interaction time is therefore similar to that obtained from che

e e gkl g 27 ! !
adsorption of 0, on N1(110)®". These AES results indicate that

the electron beam decomposes molecularly adsorbed CO into sur-

-y

"ace carbide and oxide.

b

The effects of the electron beam on the C and O Auger cur-

. SR : : o AP

rents were also measured by double integration of the " (E)
iata. The first integrals of the Auger data in Figures 9(b) and

(c) are shown in Figures 10(b) and (c) respectively. Note that

i

he two peaks on the low energy side of the main O peak obtained
after exposure of adsorbed CO the electron beam for 40 min are
clearer in the integral spectrum, Figure 10(c), than in the raw
derivative form spectrum, Figure 9(c), due to the improved sig-
nal/noise obtained on integration. By integrating the data of
Figure 10 it is found that both the carbon and oxygen Auger cur-
rents decrease with increasing exposure to the electron beam,
and that the oxygen Auger current decreases at a faster rate
indicating disproportionation. After the adsorption of CO was
shown from the Auger data that equal numbers of carbon and oxy-
gen atoms were present on the Ni(110) surface21. The carkon and
oxygen concentrations were found to decrease by 10% and 35% re-

spectively after 10 min electron beam exposure, and by 30% and

90% after 40 min exposure.
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Figure 10 - First integrals of the respective data shown in

Figure 9.
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Experimental methods to reduce electron beam effects have
been investigated in the contract, including (i) electron beam
rastering (in the scanning Auger microprobe this can reduce
beam effects by v 500X), (ii) defocussing of the electron keam,
and (iii) the use of low electron beam currents coupled with
signal averaging spectra or by using pulse counting techniques.
The use of soft X-rays (e.g. Mg K\Q to generate Auger electrons
has also been investigated and found to be extremely useful in

eliminating electron beam induced effects.

G. Sample Charging

In studying insulators, sample charging is a common occur-
rence. If the amount of charging is constant with time this
generally causes no severe problems in Auger peak identification
as all peaks will shift up or down in energy by the same amount.
Distortion of Auger peak shapes sometimes occurs. The degree
of charging can usually be adjusted to obtain useful Auger data
e.g. by changing the incident beam voltage and/or angle of inci-
dence. Even sodium activated insulating powders have been stud-
ied successfully in this contract by using low electron beam

currents coupled with electron rastering techniques.
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SECTION III

DEPTH PROFILING

A. Ion Gun Sputtering Rate Calibration

Two types of commercial ion guns were used in this contract
for depth profiling, Physical Electronics Industries Models
04-161 and 04-191. Both guns were operated at ion energies of
2kV but as they were of different design they produced differ-
ent ilon currents even for the same electron emission currents
in their ionizing chambers. Further ,the focussed ion beam di-
ameters are different and it was therefore decided to calibrate
the sputtering rates for these two guns (at constant gas pres-
sure) as a function of electron emission current. The ion guns
were mounted on a Physical Electronics Industries model 545 sys-
tem at staundard distances from the samples to be sputtered. As
tantalum oxide films can be grown on tantalum to reproducible

thicknesses quite easily by anodization, they were chosen as a

standard to measure the relative sputtering rates of the ion guns.

The tantalum oxide films used here were anodized in phthalic acid
at 80V, the thickness of the film being measured as 115nm by
comparison with the sputtering rate of a 100nm standard supplied
by Physical Electronics Industries. It should be mentioned that
the changes in color of the films observed while sputtering pro-
vided a useful guide as to how much of the film had been sput-
tered away. The color contours also provided a measure of how

well the ion beams were focussed.
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The sputtering rates for tantalum oxide as a function of
electron emission current (in the ion gun) are plotted in Fig-

3 Pa (uncorrected nude

ure 11 for argon at a pressure of 5 x 107
ionization gauge reading). The time to sputter through the films
was measured as the time taken for the oxygen Auger signal
strength to decrease to 50% of its value in tantalum oxide. The
ion guns were accurately aligned and focussed using the tech-
nigque of ion excited Auger electron spectroscopyzs. Because of
the relative ease of preparation and reproducibility of tantalum
oxide film thicknesses, such films were usually mounted in the
analysis chamber so that the sputtering rates of all materials
investigated could be related to tantalum oxide and hence to

each other. A list of such relative sputtering rates measured

is provided in Table 1 for a number of materials - sputtering

3 Pa.

was carried out at 2kV with an argon pressure of 5 x 10
The effect of anodization voltage on the thickness of tanta-
lum oxide films was also studied by meaéuring the time required
to sputter through the various films, Figure 12. It can be seen
that the sputtering time increases linearly with preparation volt-
age. A study was also made to determine if the roughness of the
tantalum substrates before anodization at 80V affected the mea-
surement. Grinding the substrates with up to 25um alumina par-
ticles before anodization was not found to affect the accuracy
of the calibration measurements.
The use of xenon for sputtering was also studied for the

model 04-161 ion gun. For tantalum oxide the sputtering rate

was found to be 1.6 X that of argon at 2kV and 5 X A0 Pa (un-
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Figure 11 - Sputtering rate calibration curves for Ta
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TABLE 1

ARGON SPUTTERING RATES FOR SOME MATERIALS RELATIVE TO Ta205.

Material Relative Sputtering Rate
Al (on Ti) 1.4
Si3N4(on Si) 0.9
SnO, (on CulnSej) 15
5§10, (on CulnSej) 1.6
WC (on glass) Lk
TiC (on glass) 1.5
CulnSe, 2.9
TABLE 2

XENON SPUTTERING RATES FOR SOME MATERIALS RELATIVE TO TaZOS'

4 Material Relative Sputtering Rate
MoS2 (on glass) 1L f3
Mos2 + szo3 (on glass) 2t
WC )il
TiC 0.8
32
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corrected nude ionization gauge reading). This faster sput-
tering rate of xenon was often useful in studying thick films.
Some sputtering rates relative to tantalum oxide, measured for
xenon are listed in Table 2.
B. Ion Exicted Auger Electron Spectra

The most common method for exciting Auger spectra of solids
is by electron bombardment. However it was recently observed
that low energy argon ions (2kV) could also produce Auger elec-
trons in certain solids?9. A comparison Pf Auger spectra of
Mg, Al and Si excited by low energy electron and low energy argon
ion bombardment was carried out under the present contract. The
most significant difference between the two excitation methods
is in the Auger line shape produced. Typical Al LMM Auger spec-
tra produced by electron and argon ion bombardment are shown in
Figures 13 and 14 respectively. For electron excitation Figure 13,
the main feature (labelled d) is due to L2’3VV Auger transitions.
The features "a" and "c" are the 2nd- and lst-order bulk plas-
mon losses of the main peak, feature "b" is the Coster-Kronig
transition Lle,sv' feature "e" the L2'3VV transition following
initial double L level ionization. Note how the shape of fea-
fure "e" reflects essentially that of "d". With the argon ex-
cited spectrum, Figure 14, note the lack of Coster-Kronig and
double ionization peaks from the spectrum. Note also the sym-
metric nature of the main Auger feature and the shoulder on its

high-energy side. The energy at which this shoulder occurs is
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essentially the same as that of the main Auger peak from elec-
tron excited Al. The symmetric feature in Figure 14 is inter-
preted as due to transitions from atomic-like M orbitals. Under
ion bombardment Al atoms will be sputtered from the surface in
excited states, and it is not unreasonable to expect Auger transi-
tions to be detected from them also30.

Under electron bombardment, Al L level ionization occurs
through Coulomb excitation. Studies of ion-atom collisions show
that inner-shell ionization can occur through an electron pro-
motion mechanism3l. During the collision a quasimolecule is
formed and inner-shell electrons of the target (e.g., Al) may
be promoted through molecular orbitals. If the distance of
closest approach is sufficiently small such promoted inner-shell
electrons may cross unoccupied outer levels in Ar+32. After the
collision, vacancies can therefore be left in the (originally
promoted) inner-shells of the target (see Reference 31 for a de-
tailed discussion of the mechanism). If one applies this mechan-
ism to the case of ion-solid interactions, then for argon inter-
acting with Al, ionization will take place in the L2,3 levels of

A132. One would then expect the argon excited Auger spectrum

to consist primarily of a combination of L, 3MM (atomic-1like) Auger
’

transitions from Al sputtered in excited states and L2 3VV  (bulk-
L

like) Auger transitions from excited Al in the solid. To test

this hypothesis, ion-excited and electron-excited Auger spectra

were digitized and stored in a Nicolet instrument computer. The
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Figure 13 - Low energy Auger spectrum of Al excited by 2keV

electron beam.
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stored data are shown in Figure 15: (a) the electron-excited and
(b) the 1ion-excited Auger spectra. Figure 15(c) shows the result
obtained after subtracting a fraction of part (a) from (b), an
essentially symmetric main peak together with some small fea-
tures. Such a symmetric peak would be expected for atomic-like
transitions. This subtraction procedure 1is only approximate be-~
cause of the inclusion of the Coster-Kronig and "double ioniza-
tion" transitions in the electron-excited spectra and the fact
that the high-energy side cf the main peak in the electron-ex-
cited spectrum has a sharper cutoff than that in the ion-ex-
cited spectrum. This latter point could be due to the fact that
the ion-beam diameter is a few millimeters whereas the electron-
beam diameter is about 0.2mm, resulting in an apparent degraded
resolution for the ion excited measurements. It should be noted
that not all materials are expected to produce Auger electrons by
ion bombardment, depending on whether or not inner shell elec-
trons can be promoted to produce inner shell ionization.

Studies of Mg and Si lead to similar conclusions. The ion
excited signal (peak~to-peak) from Mg (2kV ions) is about an order
of magnitude smaller than from Al. A study was also undertaken
to compare the Mg L2’3MM Auger currents produced by low energy
electron and argon ion excitation and it was found that under
normal incidence a l.5keV electron is only about a factor of 2
more effective than a 2keV argon ion in producing MgL2'3MM Auger
electrons. The ionization cross-section for the L shell using

Ly 3

2kV argon ions was estimated as 1.5 x 10718 cm2 per ion. Further
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Figure 15 - Electron excited (part a) and ion excited (part
b) Auger spectra of main Al features taken under identical
experimental conditions. Part (c) shows the result obtained
after subtracting a fraction of the electron excited spectrum
from the ion excited spectrum.
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details of this measurement can be read in Reference 33.

Other trends noted for ion excited spectra of Mg, Al and Si
are:

(a) The ion excited Auger signal decreases with decreasing
ion energy. This is consistent with the elctron promotion model

because as the ion energy 1is reduced, the distance of closest

approach of the nuclei will increase, so the cross section for
electron promotion will also decrease.

(b) At a given ion energy, the ion excited Auger signal de-
creases rapidly with increase in atomic number. This is also
consistent with the electron promotion model because the L2’3
binding energy increases with atomic number, thereby reducing the
cross section for electron promotion.

(c) No transitions originating from an L; level are detected
(this statement does not apply to Mg because of peak overlap).

This is consistent with the electron promotion model as much higher
ion energies would have to be used to reduce the internuclear dis-

tance in order to achieve promotion from an Ly level (see Figure 4,
Reference 34 for the case of Si). Further, no such transitions

in Al were detected using 60 keV argon ions for excitation.35

(d) No Auger transitions due to initial double L level ioni-
zation were detected using 3 keV argon ions for excitation. Such
transitions have, however, been observed in Al using 60 keV argon
ion bombardment.35

(e) Bulk plasmon losses associated with the L, 3VV Auger

transitions are observed for the ion excited spectra, 2nd-order
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losses are seen for Mg and Al, while lst-order losses are seen
for Si. 1lst order losses for Mg and Al overlap with other peaks.
This result contrasts with other interpretations of ion excited

33, 36 where no structure was assigned to plasmon

Auger spectra
losses due to an apparent discrepancy between known plasmon loss
energies and observed peak positions. No such discrepancy exists,
however, when ion excited spectra are interpreted in terms of a
combination of atomic-like and bulk transitions.

Further details of this work can be read in References 29,

30 and 33.

1. Application to ion gun alignment

In order to obtain reliable depth profiles with Auger elec-
tron spectroscopy it is of paramount importance that the ion
gun beam, electron beam and specimen be accurately positioned to
coincide at the focal point of the analyzer used, typically a

28 Most procedures used were

cylindical mirror analyzer (CMA).
tedious involving the use of a Faraday cup or trial and error
techniques. However, the phenomenon of low energy ion excited
Auger spectroscopy can be used to provide a rapid method for ion
gun alignment, and to check alignment at any later time .(Realign-
ment was sometimes found necessary, probably because of small
movements between ion gun components due to thermal effects).

This technique was developed in conjunction with R.W. Springer

and T. W. Haas and is based on measuring the ion excited LMM signal
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Figure 16 - Example of precise ion gun alignment using ion ex-
cited Auger spectroscopy. Magnification 20X.
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m a small dot of Al (about 1l.5mm in diameter) evaporated
onto a material such as Cu that does not produce a significant

ion excited Auger signal under 2kV argon ion bombardment. The

technique is accurate and is discussed fully in Reference 28.

An example of the accuracy of the technique is shown in the ab-
sorbed current image of a specimen after profiling, Figure lé.
The small bright central region 1s the ion bombarded area. The
specimen shows through a circular aperature (which appears as

a black ellipse) in a speciméen mount. (The specimen was mounted

at an angle to the electron beam, hence the elliptical shape of

2 Interference during depth profiling
During depth profiling studies of Mg, peaks due to argon

n excited MgL, J‘Ml‘i Auger transitions were sometimes observed
’

superimposed on the electron excited MgL, MM Auger transitions.
’
This effect could be detected because the Auger line-shapes are

30

different for these two methods of excitation, and the fact that

the MgL2’3 ionization cross section using 2 keV argon ions is
similar to that using 1.5 keV electrons33. (These beam energies
are typical of those used in depth profiling). A typical result
obtained from Mg is shown in Figure 17, (a) being the Auger spec-
trum excited by argon ions, (b) that excited by electrons and
(c) the result obtained with both beams on simultaneously. The
sum of the signals in Figures 17(a) and (b) is shown in Figure
17(d) and is not significantly different from that obtained with

both beams on simultaneously.
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Figure 17 - LMM Auger spectra of Mg taken (a) with a 10uA,2000
eV argon ion beam, (b) with a 6uA, 3000 eV electron beam and
(c) with these two beams on simultaneously. Part (d) is the
sum of the data shown in (a) and (b).
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The contribution of the ion excited Auger signal to the
measured peak-to-peak height, 20% in Figure 17, can be a source
of error in depth profiling Mg. The signal strength due to Ar’
can be decreased most effectively by using a lower ion beam
energy as the signal strength varies rapidly with ion energy in
the keV range. s Use of higher bombardment energies would en-
hance the contribution of the ion excited Auger signal. Further
reduction of the effect could be accomplished by using lower ion
currents or larger electron beam currents, as dictated by de-
sired sputtering rates or by possible heating of the specimen
under study. Alternately, it may be possible to use the less in-
tense MgKLL Auger peaks (near 1200eV) for depth profiling as
these transitions are not excited by low kV ions, but this would
require a higher electron beam energy for efficient KLL Auger
production. Another problem arises in depth profiling Mg com-
pounds as for example no ion excited signal is detected from MgO.

Other metals can also give rise to Art excited Auger transi-
tions but of all metals studied to date, Mg appears to give the
largest Auger signal strength under Ar" impact3o. Auger transi-
tions can also be excited in metals under low energy (<5keV) im-

pact with other ions but such effects were not widely studied.

C. Electrostatic Shielding of Ion Guns

Two problems were noted in operating the commercial ion guns
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Figure 18 - Auger spectra of a flashed stainless steel speci-

men taken (a) with the ion bombardment gun off and (b) with
the high voltage (2000 V) applied to the ion gun.

46




'FF'.-!'“'-"--'-I!IIIllI!llF!-I--II-II-llI---L~ S _—

as supplied by the manufacturer, due to the fact that they were
not electrostatically shielded: (a) a reduction in signal strength
of low energy Auger features relative to those at higher energy,
and (b) an error in measuring the beam currents when applying a

bias to the sample. An Auger spectrum of a flashed stainless

3 .
" system is

steel specimen taken in a scanning Auger microprobe
shown in Figure 18 (a). The major features due to sulfur and

iron Auger transitions are indicated on the figure. Applica-
tion of 2000 V to the ion bombardment gun (in vacuum) caused the
Auger spectrum to change toc that shown in Figure 18(b) and it

can be seen that the Auger peaks have decreased in size and by
varying amounts, the decrease being larger the smaller the Auger
energy - the low energy Fe peak decreased by more than 50%, the
sulfur peak by 35% and the high energy Fe peak by about 10%. As
the decreases in signal size are due to electrostatic effects
from the ion gun, the magnitude of the decrease depends on speci-
men geometry with respect to the ion gun and spectrometer. The
data shown in Figure 18 were obtained using a 0.73uA, 5000eV pri-
mary electron beam and there was no detectable change in the beam
position on the specimen at a magnification of 500X. The beam
current was measured using a Faraday cup. A current of 0.71uA
was obtained by applying a +97 V bias to the metallic specimen
«nd measuring the current to ground. This latter method is com-
nonly used to measure beam currents but is also subject to er

rors if current measurements are made during depth profiling
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with an unshielded ion gun. 1In this case the electron current
then measured 0.66uA, the decrease being due to the loss of
some secondary electrons caused by the electrostatic field from
the ion gun. Effects of unshielded ion guns on Auger peak
heights were observed in other Auger systems also, the size of
the effect depending on the geometries of the systems.

These problems due to unshielded ion guns were overcome by
enclosing the ion gun in a stainless steel shield. The shield
covered the complete length of the ion gun and was attached to
the vacuum chamber due to the rather small clearance of the
ion gun vacuum port. No significant problems were now encoun-
tered in measuring Auger signal strengths or in measuring beam

currentcts.

D Some Other Problems in Depth Profiling

38 associated with depth

There are many other problems
profiling using Auger electron spectroscopy such as (a) non-
uniform ion flux, (b) microscopic roughness of the target pro-
duced by the ion beam, (c) ion induced motion of impurities,

(d) surface damage by the ion beam, (e) preferential sputtering
for compounds and (f) sample charging. The non-uniformity of

the ion flux is usually not a serious problem if small electron
beams are used for Auger excitation. A set of deflectors was

constructed for the model 04-161 ion gun to allow ion beam rastering

if such a problem arose. The newer model 04~191 ion guns are
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equipped for rastering by the manufacturer. Roughness pro-
duced by the ion beam can be quite serious but it depends on
many factors such as crystallinity the angle of the ion beam
relative to the surface being bombarded and the presence of
foreign particles on the specimen. Many compounds can decom-
pose under low energy argon ion bombardment e.g. in reducing
oxides to the corresponding metal or a lower oxide39. Other
aspects of these problems can be read in Reference 38.

An example of sample charging during depth profiling is il-
lustrated in Figure 19 for a glassy material. The Auger spec-
trum shown in Figure 19(a) is tfrom the glassy material before
ion bombardment. When the ion beam (2kV, 3mA electron emis-
sich; 5 x 10_3 Pa argon, model 04-161) was turned on the spec-
trum shown in Figure 19(b) was obtained. It can be seen that
the KLL oxygen and aluminum peaks have shifted down in kinetic
energy and have also decreased in size. The degree of shift

indicates that the sample charged to about +200V on application

of the ion beam. It was found that applying a voltage of -200V

to the sample mount during sputtering cancelled out the effects
of charging on the oxygen and aluminum KLL peaks, Figure 19 (c).
Note that not only have the peaks returned to their approximate
energies before ion bombarding, but that the peak intensities
are also close to their correct values. As the degree of sample

charging usually changes during ion bombardment, it may be use-
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Figure 19 - Illustration of the effect of sample charging due
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ful to design a system to automatically compensate for the sam-
ple charging to allow accurate depth profiles to be obtained for
such samples.

The effect of subsérate roughness was also investigated
for the case of copper films on aluminum. 20nm evaporated Cu
films on one polished and several rough Al substrates (prepared
with 600, 400, 280, and 120 grit silicon carbide papers) showed
similar thicknesses on depth profiling. However, after sput-
tering through the Cu films, the Al KLL substrate signal (near
1400 eV) did not increase rapidly for the roughened substrates,
in contrast with the increase obtained from the polished sub-
strate. In depth profiling, the depth resclution is usually
about 5-10% of the depth of material removed.

Another problem encountered in depth profiling was the sig-
nal-to-noise limitation imposed by the multiplex system sup-
plied with the scanning Auger microprobe37. The signal-to-
ncise for depth profiling was improved by modifying the multi-
plexer to allow the use of longer time constants in the phase
sensitive detector, a time constant of 3s being found suitable
in most cases where small Auger signals had to be measured. Fur-
ther details can be read in Reference 40. A control panel was
also added to the multiplexer to add 'SKIP' or 'PLOT' operation.
E. The Application of Tailored Modulation Techniques to

Depth Profiling

In profiling through thin films of aluminum and silicon ox-
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ides on the pure materials large energy shifts in the Auger tran-
sitions occur in going from the oxide to the substrate. For Al
metal the main LVV and KLL peaks occur at 67eV and 1396eV re-
spectively whereas in Al,04 they occur at 52eV and 1389ev?l. Be-
cause of these shifts depth profiles of A1203 on Al are often
plotted using the two LVV peaks or the two KLL peaks scparately42
and provide information about changes in chemistry with depth,
but do not provide useful information about aluminum concentra-
tions near the interface. Depth profiles of the same system
using wider energy windows to encompass peaks in both the oxide
and the metal show little improvement for quantitative analysis;

in fact the use of such peak-to-peak height measurements incor-

rectly indicate a depletion of aluminum near the A1203°Al inter-

face.43

A conventional depth profile of Al,0, on Al using peak-to-
peak heights in J/r'n(l) (E) of the O KVV and Al KL2,3L2,3 transi-
tions is showg in Figure 20. From this profile it can be seen
that the measured Al Auger signal strength decreases soon after
the commencement of sputtering, passes through a minimum at which
the Al signal strength is about one half of that before sput-
tering, and then increases towards a new value which is slightly
bigger than that obtained before sputtering. The oxygen Auger
signal strength decreases slowly at first and then rapidly de-

creases towards zero as the A1203 is removed. From such a pro-

file it is difficult to determine where the A1203 ~ Al boundary
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is, the best estimate probably being made by noting where the
oxygen signal strength decreases to one half its initial value.
The Al profile certainly does not follow that expected from the

variation in Al atomic densities in Al,0, and Al metal. As the

Al a.omic density is about 40% higher in Al metal than AlZO-,

(o8

the Al density should remain constant until the interface is ap-
proached when contributions to the Auger signal from the under-
lying Al metal will cause the measured Al density to increase,
and finally reach a value corresponding to the density in pure
Al. The Auger signal strengths are not expected to follow this
dependence exactly as the escape depths for the KLL Auger elec-
trons from Al and Al,03 are not necessarily the same - the bigger
the escape depth, the larger the volume contributing to the mea-
sured Auger signal. The reason for the unusual behavior of the
Al KLL depth profile can be seen by reference to Figure 21 which
shows the Al KL2’3L2’3 Auger peaks in JV (l)(E) after various

m

sputtering times. Figure 21(a) shows the peak from Al2O3 be-

fore sputtering. After 5 min, Figure 21 (b), the peak-to-peak

height has decreased slightly but no new features are seen. Af-

ter 20 min, Figure 21 (c), the signal size has further decreased
but now a new peak is resolved on the high energy side. This

new peak is due to the KLZ 3L2’3 transitions from Al metal and
’

is at an energy 7 eV higher than the KL 3L2 3 transitions from -
¥ ’
A120q . With further sputtering the Auger peak-to-peak height
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Figure 21 - First derivative AlKLy 3Ly 3 Auger spectra from
Al1,0, on Al after sputtering for various times: (a) be-

fore sputtering; (b) 5 min; (c¢) 20 min; (d) 30 min; (e) 33 min;
(£) 37 min: (gy 40 min; (h) 65 min.
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from A1203 continues to decrease while that from Al metal in-
creases. During depth profiling the energy window for the Al
signal was set wide enought to encompass the peaks from both
A1203 and with the multiplexing equipment the difference be-
tween the maximum positive and negative going peaks within the
energy window are plotted. After about 33 min of sputtering the
Al signal reached its minimum, the corresponding Auger spectrum
being shown in Figure 21(e). From Figures 21(f), (g) and (h)

it can be seen that as the Al Auger peak grows, a new peak on
its low energy side does also, the latter peak being due to bulk
plasmon losses in Al.

These sorts of problems can be overcome in depth profiling
using tailored modulation techniques44, where measures ©Of the
Auger currents can be obtained directly from the phase sensi-
tive detector and plotted using conventional multiplexing equip-
ment. The depth profile for A1203 obtained using Auger area
values is shown in Figure 22. Note that there is no longer any
decrease in Al signal strength near the interface. In fact, the
Al signal is seen to increase slowly after sputtering for about
20 min and this corresponds to where Al metal was first clearly
detected in JV;(I)(E). As the interface is approached the Al
signal further increases due to the increased atomic density of
Al. Also the interface is more clearly defined, the Al signal

increasing by half its total increment at approximately the
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Figure 22 - Depth profile of A1203 on Al using Auger area
values obtained with TMT.
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same time as the oxygen signal decreases to half its original
height, about 36 min. The depth profile shown in Figure 22 was
obtained by integrating over an energy range of 35 eV and for
this energy range the Al sgignal increased by about 75% in going
from A]203 to Al metal. As mentioned earlier the change in Al
signal strength depends somewhat on the energy range of inte-
gration due to the different electron energy loss mechanisms

and these loss mechanisms would need to be known before the mea-
sured change in signal strength could be related exactly to the
change in Al atomic density. However, in cases where the loss
mechanisms are similar and no large changes in backscattering
OCENE; B .y, Ti/TiO4J, differences in Auger area values should
relate directly to changes in atomic density. Further details
about the application of tailored modulation techniques to depth

profiling can be read in References 46 and 47.
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SECTION IV

OTHER SURFACE ANALYSIS TECHNIQUES

Some other techniques were aldo studied to varying degrees
to complement Auger analysis. These techniques are soft X-ray
appearance potential spectroscopy (APS), secondary ion mass

spectroscopy (SIMS) and X-ray photoelectron spectroscopy (XPS).

A. Soft X-ray Appearance Potential Spectroscopy

Soft X-ray appearance potential spectroscopy (APS) is per-
haps the simplest method for measuring core electron binding
energies of solids. The solid is bombarded with monoenergetic

electrons of variable energy and the total X-ray emission in-

tensity is monitored, threshold behavior in the X-ray emission
corresponding to the onset of core level excitations. Although
the onset of these additional X-rays can be quite sudden, the
additional intensity is small compared with the background X-ray
intensity due to Bremsstrahlung radiation, making direct mea-
surements of electron binding energies rather difficult48- Ex~
perimentally, this difficulty has been overcome by using poten-
tial modulation and phase sensitive detection technigques enabling
measurements of the first or second derivatives of the total X-ray

Tt : ; 49 2 ! .
emission intensity to be made ~. By taking such derivatives the

slowly varying background X-ray intensity can be eliminated, while

the sudden threshold behavior is enhanced and can be amplified al-




lowing for easier measurements of the core electron binding
energies. To date, most measurements have been made for binding
energies below 1000 eV and as the mean free path fpr inelastic
scattering in solids for electrons in this enerqy'ranuu 1s less
than about 2 nm, APS probes the surface regions of solids al-
lowing identification of certain elements in those regions. Ele-
ments reported to produce good APS spectra so far have been
listed in a periodic table49.

With certain assumptions, the (near threshold) excitation
cross section in APS in proportional to the self-convolution of
the density of empty states above the Fermi level48. For the 3d
transition metals the Fermi level usually lies within a relatively
sharp, structured d-band which is superimposed on a broad free-
electron-like 4s band. If such a conduction band is represented
by a series of rectangular functions, the self-convolution is a
series of ramp portions, and its derivative would consist of a
peak, a somewhat smaller undershoot and a step for each core level
excited48. Indeed, such first derivative APS peaks have been ob-
served for the 3d transition metals, the width of the peak de-
creasing with atomic number corresponding to the filling of the

50 il

id band In Cu, the d band is full and no peak is observed™ .

The shapes and heights of these peaks are affected by oxidation
and provide useful information about unoccupied energy states49.
s Quantitative aspects

Although the derivative APS peaks of the 3d transition me-

tals have been catalogued, their relative signal strengths had
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not been reported. In this contract the relative L3 and L2 soft
X-ray appearance potential spectroscopy signal strengths were mea-
sured for pure Ti, V, Fe, Co, Ni and Cu using a gold plated photo-
cathode detcctor. The peak-to-peak signal strengths obtained

from high r-»solution dI/dE data vary markedly between elements,
with no peak being found for Cu, Figure 23. (dI/dE is the first
derivative of the measured collector current). These signal
strengths could be used as a basis for semi-quantitative analy-
sis of Ti, V, Fe, Co and Ni, but not of Cu as it gives no peak.
For an accurate determination of the concentration of one of

these elements at a particular surface, its APS peak shape would
have to be identical to that of the metal or some standard, but
this is often not possible as changes in the density of states

of the unfilled 3d band due to differ ent chemical environments

are reflected in the APS peak shape49.

In an earlier APS study undertaken to resolve apparent dis-
crepancies between the sensitivities of APS and AES to Ti and O,
it was shown that if the APS signal strengths were measured away
from threshold, rather than by measuring the threshold peak-to-
peak signal strengths, such discrepancies were removed45. In
the case of the 3d transition metals, one would then be measuring
the APS signal strength from the unfilled density of states of
the free-electron like 4s band, and would not be subjected to

the effects of the structured 3d band. In a first derivative

APS spectrum, the signal due to the unfilled 4s states appears as
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Figure 23 - Relative L_, and L, APS signal strengths of Ti, V,
Fe, Co, Ni and Cu measared as the peak-to-peak deflections

of their first derivative spectra. No peaks were detected from
Cu.
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Figure 24 - Combined Ly and L, APS signal strengths from Ti, V,
Fe, Co, Ni and Cu measured using integration techniques.
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a small increase in the dc signal level relative to that be-
fore threshold. This small change in dc signal level can best
be measured by integrating the derivative data once, and then
measuring the slope of the signal above the threshold structure.
As the L and L, APS peaks overlap for Ti and V, measurements of
the combined (L3 and L2) offsets for all the metals studied were
made, the results being shown in Figure 24. Note that whereas
the APS signal strengths measured from the derivative data showed
large variations in signal strengths between elements, signal
strengths measured from the integrated data show little varia-
tion between elements, even for Cu which had no peaks in the
derivative data. Other advantages for obtaining APS signal
strengths from such (integrated) data are: less dependence due
to chemical effects on line shapes and the simple correction of
signal strengths for potential modulation distortion, as had al-
ready been applied to corresponding AES studies (see Section IIA).
Measurements of the relative L,/L, signal strengths were al-
so made in this contract. The ratios obtained from peak-to-
peak heights of the derivative data are listed in Table 3 and
compare favorably with similar measurements reported earlier for
the 3d transition metals’?. wNo peak-to-peak measurements were
possible for Cu due to the lack of peaks at threshold®. It can be

seen that ratios obtained in this manner deviate from the ex-

pected intensity ratio of 2 based on the statistical weighting
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2j + 150. Some of this deviation is due to the method of measure-~

ment, the L,y and L, peaks overlapping for the lighter atoms and
their having different line-widths for the heavier atomsso. The

selection rules for the radiative decay of 2p holes may also be
j—dependentsz. In this work, integration has been applied to
measure the L3/L2 signal strength ratios for Ni and cu from the
near threshold slopes of the integrated spectra. For these two
metals the Lg and L, thresholds are well separated allowing ac-
curate measurements to be made by integration. For both Ni and

Cu tne L3/L2 signal strength ratios measured from the above-thresh-
old slopes are approximately 2. Further details of these quantita-

tive aspects of APS can be read in Reference 53.

TABLE 3

’

L3/Ly APS SIGNAL STRENGTH RATIOS FOR SOME 3d TRANSITION METALS

OBTAINED FROM PEAK-TO~-PEAK HEIGHT MEASUREMENTS IN FIRST DERIVA-
TIVE APS SPECTRA.

Metal L3/L2 ratio

Z2a Bl
23 ¥V
26 Fe
20 €O
28 Ni
29 Ccu a

LIB)IDD =
OO N

“Cannot be measured from first derivative APS Spectrum.
2. Comparison with Auger electron spectroscopy
One problem encountered during the contract was the de-

tection of Mn in 1.4% Mn steel using Auger electron spectroscopy.
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The problem was due to the fact that the main Mn and Fe Auger
peaks overlap almost completely prohibiting the direct detec-
tion of such small concentrations of Mn. When spectrum sub-
traction techniques were applied to the Auger data, however,
the Mn Auger features were readily resolved and the surface con-
centration of Mn was estimated as 1.7% using standard Auger sen-
sitivity factors.l

APS is a useful technique for studying the first row of
transition metals and was therefore applied to this same sys-
tem for comparative purposes. APS measurements indicated that
the surface concentration of Mn was about 2.0% in close agree-
ment with the Auger result. It should be mentioned that the APS
data were obtained using an electron emission current of 2mA.
The use of larger emission currents, e.g. 4mA, caused Mn to seg-
regate to the surface. APS then showed a surface concentration
of about 6% Mn, which was confirmed by subsequent Auger analysis

which showed 5.5% Mn.

B. Secondary Ion Mass Spectroscopy

An energy filter was constructed and mounted on an existing
quadropole residual gas analyzer to enable secondary ion mass
spectroscopy (SIMS)54 measurements to be made in the scanning
Auger microprobe system. The dynode-type electron multiplier was
also replaced by a channeltron-type for better amplification.

The channeltron was mounted on axis and phase sensitive detection
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Figure 25 - SIMS spectrum of negative ions emitted by Al sur-
face under argon ion bombardment.
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techniques were used to measure the SIMS spectrum. The modu-
lation was applied to a lens in the energy filter. An example
of a negative ion SIMS spectrum obtained from an aluminum sam-
ple with this system is shown in Figure 25. If a raster and
gating circuit 1is constructed, good depth profiles with SIMS

should be obtained.

€ X-ray Photoelectron Spectroscopy

A system16

was also constructed to enable X~ray Photoelec~
tron spectroscopy (XPS)55 measurements to be made under ultra-
high vacuum conditions. One important advantage of this experi-
mental arrangement is that XPS measurements can be made on small
areas of samples (<lmm) - "selected area XPS". XPS has been use-
ful in a number of studies where electron beam interactions with
surfaces were significant. In fact, XPS was used to monitor the
decomposition of CO on motals15 by mcﬁsuring the binding energies of
the component XPS peaks.

1. Standard XPS spectra

As no handbook of XPS spectra exists a program was begun to
build a library of XPS spectra from the elements under medium
(4ev) and high (leV) energy resolutions. Spectra from C,N,O, Mg,
Al, Ti, V; Ps; Co, Ni, Cu, Nb, Mo, Rh, P4, @g, Sn, Ta, W, Re,
Ir, Pt and Au have been documented so far. These data have proven
valuable in studying complex systems where the identification of

XPS peaks required careful analysis of the data.
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2. Comparison with Auger electron spectroscopy

A detailed study was undertaken to compare electron ex-
cited Auger signal strengths, X-ray excited Auger signal strengths
and XPS signal strengths for a particular system, namely clean
nickel and heavily oxidized nickel. It was found that if sig-
nal strengths of raw data were used the ratios of signal strengths
for corresponding features from nickel oxide and nickel varied
widely depending on the particular feature chosen, but if ap-
propriate integrations of the raw data were carried out the ratios
obtained were all essentially the same, namely about 0.85. To
illustrate this, the recults obtained from X-ray excited data
are listed in Table 4. Further details of this study can be read
in Refcrenceé.l6 and 23.

TABLE 4

RATIOS OF CORRESPONDING Ni XPS OR X~RAY EXCITED AES SIGNAL
;gi?NgggiISggAgggchgggKﬂﬁéngY‘OXIDIZED N% TO ?LEAN Ni. RATIOS
AND ALSO USING INTEGRALS OF THE PEAKS.  NOT DHAT THE RATION One
TAINED FROM PEAK HEIGHTS VARY CONSIDERABLY FROM DIFFERENT AES OR

XPS FEATURES, BUT THAT THE RATIOS OBTAINED FROM THE INTEGRALS DO
NOT. VALUES OBTAINED FROM TWO EXPERIMENTAL RUNS ARE GIVEN.

AES or XPS Ratio using Ratio using
feature peak heights integrals
2p 0539

S 0.44
2p Q. 9L 0.82
e 0.52 0.85
LMy 3V 0.76 0.85
g 0.81 0.85
L3VV 0.69 0.81
0 71 0.82

3s Qe i

5%
3p 0.80 0.88
0.82 0.88
Valence band 0.76 0.89
0.81 0.88
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SECTION V

DEPTH PROFILE ANALYSES

The techniques developed during the course of this con-
tract have been demonstrated on a number of samples provided by
the Air Force. Samples studied include sulfur implanted in GaAs,
Zn implanted in CuInSeZ, Si photodiodes, Be gyro bearing thrust
plates, laser impacted Al alloy, detection of Sr in adhesive
bonding compounds, and chrome-boehmite filler used for M50 tank

bearings.




SECTION VI

CONSTRUCTION AND MAINTENANCE OF EQUIPMENT

During the course of this contract equipment had to be de-
signed and constructed in order to fulfill the requirements of
the contract. Some of these items included (a) an electronically
timed Ti getter power supply to eliminate electrical noise caused
by mechanical clocks, (b) d.c. level shifter delay, 'PLOT' and
'SKIP' circuits for multiplexing, (c) a bake-out control for the
ultra-high vacuum system, (d) a 5kV ion bombardment gun power
supply, (e) analog integrators, (f) a crystal oscillator for

monitoring thin film growth, (g) an interface for a Nicolet

signal averager, (h' an automatic filament current control for

appearance potential spectroscopy, (i) buffer amplifiers for in-
terfacing, (j) a power supply for high resolution XPS measure-
ments, (k) a collector circuit for an electron multiplier, (1) a

scanning sample positioner for sample alignment in XPS, (m) a
set of deflectors for ion gun rastering, (n) a set of deflectors
for electron beam rastering, (o) an energy filter for SIMS, and
(p) components for electron energy analyzers.

The equipment used in the course of the contract was also
properly maintained. Items of vital importance included vacuum
systems and components, electron and idn guns including fila-
ment replacement, and the machining of ceramics to repair elec-

tron spectrometers.
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SECTION VII

LIST OF PUBLICATIONS
The following papers are based on work carried out under
this contract and have been published in scientific journals.

1. "Ion Excited Auger Spectra of Aluminum”, Phys. Letters
478, 317-318 (1974).

N

"Corrections of Auger Electron Signal Strengths for
Modulation Amplitude Distortion in a 4-Grid Retarding
Potential Energy Analyzer," Surface Sci. 44, 617-623
CEITLN

3. "An Easy Method to Accurately Align Ion Bombardment
Guns for Depth Profiling in Auger Electron Spectro-
scopy," Rev. Sci. Instrum. 45, 1113-1114 (1974).

4. "Use of Analog Integration in Dynamic Background Sub-
traction for Quantitative Auger Electron Spectroscopy -
Study of €O on Mo(LLO)", Surface Sei. 46, 672-675
(1974). Bl

5. "Chemical Effects in the M NN Auger Spectrum of Mo (110)
Due to Adsorption of O2 ané’éo", Jo Vac. Sci. Technol. 12,
325328 (X275).;

6. "Comparison of Auger Spectra of Mg, Al and Si Excited
by Low Energy Electron and Low Energy Argon Ion Bombard-
ment", J. Vac. Sci. Technol. 12, 481-484 (1975).

7. Spectrum Subtraction Techniques in Auger Electron Spec-
troscopy”, Surface Sci. 51, 318=-322 (19735).

8. "Comparison of Mg L,, ,MM Auger Currents Using Electron
and Ion Excitation"; Pﬁys. Letters 54A, 167 (1975).

9. "Some Factors Affecting Depth Profiling Measurements
Using Auger Electron Spectroscopy", Surface Sci. 51,
328=532 (1975}

10. "Appearance Potential Spectroscopy: Relative Signal
Strengths from 3d Transition Metals", Surface Sci. 51,
433-440 (1975).
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12.

V3

14.

15:

16.

17 .

18.

19,

20.

2h

"Auger Current Measurements for Quantitative Auger
Electron Spectroscopy of Solids", J. Colloid Interface
Sci. 55, 370-376 (1976) .

"Electroluminescence in Br, Cl and Zn Implanted CulnSe
p-n Junction Diodes", Appl. Phys. Letters 28, 214-216
(1976) .

2

"Some Aspects of an AES and XPS Study of the Adsorption
of O2 on Ni*, J. Vac. Sci. Technol. 13, 296-300 (1976).

"Oxygen KLL Auger Spectra from O, and CO adsorbed on Ni",
Solid State Commun. 19, 111-113 T{1976).

"Auger Electron Spectroscopy Studies or CO on Ni(110) -
Spectral Line Shapes and Quantitative Aspects", Surface
Sci. 55, 741=746 (1976) .

"CO-Metal Bond Characterization Using Auger Electron
Spectroscopy", J. Electron Spectroscopy 9, 93-97 (1976).

"The Application of Tailored Modulation Techniques to
Depth Profiling With Auger Electron Spectroscopy", Sur-
face Sci. 60, 1-12 (1976) .

"Auger Electron Spectroscopy of Solid Surfaces," in "Ad-
vances in Characterization of Metal and Polymer Surfaces",
ed. L. H. Lee (Academic Press, New York, 1977) pp. 133-154.

'"The Use of Auger Electron Spectroscopy to Characterize
the Adsorption of CO on Transition Metals, Surface Sci.
62, 21-30 {1977}).

"Zn-Ion Implantation Profiles in CuInSe, by Auger Elec-
tron Spectroscopy", J. Appl. Phys. 48, ©7-72 (1977).

"Automatic Correction for Effects of Auger Line Shape
Changes on Depth Profiles", J. Vac. Sci. Technol., 14,
232=235 (1977) .
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SECTION VIII

LIST OF PRESENTATIONS

The following papers based on work carried out under this

contract were read at scientific meetings.

1. "Quantification of Auger Electron and Soft X-ray Appear-

ance Potential Spectroscopies Using Integration Techniques",
‘ Symposium on Applied Vacuum Science and Technology, Tampa,
Florida, February, 1974.

2. "Recent Developments in Quantification of Auger Electron
Spectroscopy for Surface Studies", 2nd International Con-
ference on Solid Surfaces, Kyoto, March, 1974.

3. "Auger Spectroscopy Applied to Solid Surfaces", Symposium
on the Chemistry of Surfaces, Dayton, Ohio, October 1974
(invited) .

4. "Auger Electron Spectroscopy Study of the Adsorption of
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